The effective ways of using wood production with a view to mitigating climate change are still disputed.
Introduction
Using wood to substitute for fossil fuels is generally thought of as contributing to climate change mitigation. Woody resources are regarded as "renewable" and their use as an energy source "neutral" with respect to the greenhouse effect. Accordingly, an increased utilization of wood energy should have no climatic consequence while simultaneously saving fossil energy resources. This view respecting the "carbon neutrality" of wood is questionable (Leturcq 2011) as it presupposes that the carbon mass stored in forests and in wood products remains constant or, in other words, that the fate of wood is oxidation, by combustion or decomposition, at the same rate as it is biologically produced.
This article reappraises the climate impact of wood energy, compared to that of other sources of heat, by taking into account the real properties of the sources, the global warming potential of the emitted carbon dioxide and the possibility of accumulating and preserving wood in the time frame allotted to reduce anthropogenic carbon emissions, which is of the order of half a century (Allen et al. 2009 ).
Wood burning in the global atmospheric carbon budget
According to most climate experts, preservation of the biosphere from uncontrolled climate changes requires a drastic short term reduction in carbon dioxide and other greenhouse gases emissions. Halving world carbon emissions before midcentury in comparison with the 1990 value would be a necessary condition for limiting to 2°C the global temperature increase relative to the preindustrial level (Meinshausen et al. 2009 ). For developed countries, this implies a cut of carbon emissions of up to 80 % in Europe, and more in Australia and the United States. It is generally considered that the efficient way for that is to reduce fossil fuel consumption. This view is restricted, as the goal is to tackle net emissions, that is to say, the imbalance between carbon emissions and carbon capture. This imbalance is shown in Fig. 1 which indicates the main sources and sinks of atmospheric carbon.
Forests play the dominant role in the land sink. Wood stores carbon that is captured in the atmosphere in the proportion of one ton of carbon dioxide per cubic meter approximately. Burning wood releases this carbon which impacts on the greenhouse effect in the same way as carbon emitted from the other fuels. According to the Food and Agricultural Organisation (FAO 2010) , approximately 3.5 billion cubic meters of wood are harvested annually, of which half are used as a source of energy. In addition, emissions arising from the combustion/decomposition of discarded wood products and waste from the wood industry must be taken into account. Therefore, on the rough assumption that the annually harvested wood only replaces the ligneous matter which is oxidized each year (IPCC 1996) , the corresponding carbon emissions would amount to 3.5 billion tons of carbon dioxide approximately, that is to say, one gigaton of carbon a year (1 GtC/yr). This release of carbon is comparable to the figure for land use change, principally deforestation, escaping in the same way from the land carbon sink as illustrated in Fig. 1 . So the question arises as to whether or not the use of wood energy (generally, bioenergy) is really beneficial to climate change mitigation.
The advocates of wood energy invariably advance the argument of "biomass carbon neutrality". As long as forests are managed sustainably, they reason, burning wood simply returns to the atmosphere the carbon that was captured by growing trees. Accordingly, setting apart the carbon emissions due to the expense of fossil energy in harvesting, processing, transport and storage operations, the net carbon emission from wood combustion would be zero. A number of energy and environmental policies are erroneously linked to this conception (Searchinger et al. 2009 ). As an example, the European directive on greenhouse gas emission allowance trading specifies: "the emission factor for biomass should be zero" (European Commission 2003) . Such assertion leads to irrelevant calculations of carbon footprints since, as pointed out by a number of authors, the temporal inertia of forest growth, obvious changes in wood stocks and the impact of the land use changes needed for bioenergy productions are disregarded (Johnson 2008; Walker et al. 2010; EEA 2011) . Correct carbon accounting rules related to bioenergy, especially wood energy, then becomes a crucial necessity as regards the objective of climate change mitigation (Haberl et al. 2012; Johnson and Tschudi 2012) . Of course, a key point is the consideration of the true emission factor of wood relative to the emission factors of other sources of heat (Leturcq 2011) .
Wood is a bad fuel as regards carbon emissions
When comparing the various heat sources: wood, coal, fuel oil, gas or electricity, with a view to climatic impacts, the pertinent characteristic is the emission factor. The emission factor is the amount of carbon (or carbon dioxide) emitted per unit of released energy. Table 1 gives relevant values of this emission factor taken from standard data (IPCC 2006; Concawe/Eucar/JRC 2007) or, for electricity, deduced from the actual "mix" of means of production in Europe (EU-mix) and in France (F-mix) (SoeS 2011). As can be seen, wood as an energy source is a higher carbon emitter than the other listed resources. In spite of this physical evidence, the argument of "biomass carbon neutrality", according to which the emission factor of wood should be set to zero, leads to the conclusion that the replacement by wood energy of other heat sources would avoid carbon emissions, as shown in the third column of Table 1 ("Wood burning"). This point of view is highly questionable. First, "carbon neutrality" is not an intrinsic property of wood, but the result of a special forest management. It presupposes that wood is replaced in growing trees at the same rate as it is harvested. Second, the concept of carbon neutrality disregards the possibility of long-term wood storage, whether in products or otherwise, instead of burning it.
Thus, another argument can be supported. As wood retains 1.16 tons of carbon per ton-oil-equivalent of energy content, its long-term preservation should be counted as a carbon capture. This reasoning leads to the results shown in the right hand column of Table 1 . Contrary to the common view, the replacement of wood fuel by other heat sources allows net carbon capture while satisfying the same energy need. Such a substitution would not be very significant in the case of sources with a high emission factor such as coal or electricity generated by fuel-fired plants. The converse would hold if natural gas was used, or electricity if it is produced mainly carbon-free by nuclear, hydraulic and wind plants as is the case in France.
The following example ( Fig. 2) gives credit to this view. Let us compare two options A and B placing in parallel a forest whose production may be burned or stored, and a gas resource which may also be stored, or used to provide energy. In option A, to meet energy needs, wood is used, gas being kept in its field or in gasholders. In option B, gas is used, the wood being stored. The carbon assessments in both cases are easy to establish, taking into account that the emission factor when burning wood turns into a capture factor of the same value when wood is preserved. If the assumption of "wood carbon neutrality" applies, a flux of 1.16 tons of carbon by ton-oil-equivalent of energy content of the harvested wood should be captured by the forest in the atmosphere. If such an assumption does not hold, the captured flux, represented by X in Fig. 2 , may be larger or smaller than 1.16 tons, but the difference between the carbon budgets of the two options remains independent of X. The balance sheet then indicates that the preservation of wood, which is carbon sequestration, has the advantage over substitution of wood energy for gas. The difference, a net capture, amounts to 80 % of the gas carbon emission. This result applies whatever is the method of forest management, which may be sustainable or not. So, if the concern is to resist climate change, the use of wood for heating instead of fossil fuels and even electricity may be counter-productive.
Comprehensive footprints estimations require additional considerations:
1. Besides the intrinsic emission factors, the emissions related to the exploitation, transportation, processing, packaging and distribution of fuels should be taken into account.
The typical values shown in Table 1 would all be modified by such extrinsic data within a broad range of 10 to 20 %, but this would not alter the relative rankings. 2. More important is the consideration that carbon sequestration in wood is only temporary. In most cases, even if energetic uses are precluded, wood releases carbon back to the atmosphere as it decomposes more or less slowly under the action of biotic agents. Thus, the comparison between wood energy and other heat sources must include the fate of the harvested wood, if wood is not burnt. Moreover, the carbon mass released into the atmosphere by combustion or decomposition progressively diminishes as it is absorbed by the land and ocean sinks. Thus, carbon assessments that are valid at the moment of heat energy release must be extended up to a time horizon relevant to the goal of climate change mitigation.
Calculation scheme for evaluation of the climate impact
The Global Warming Potential (GWP) is the recommended metric to compare future climate impacts of emission scenarios (IPCC 2007) . The main hypothesis and calculation steps can be summarized as follows: 1. Figure 3 displays the foreseeable decline of a unit mass of carbon released in the atmosphere at time zero, according to the Bern model of the carbon cycle (Joos et al. 2001) . This is considered by climatologists as a pulse response h (t) characterizing the atmospheric system viewed as linear with regard to small perturbations and, to some extent, as time-invariant. This response is not simply exponential since many terrestrial and oceanic mechanisms act to remove carbon with very different time scales, from a few years up to many millenaries. By curve fitting, a representation of the pulse response is obtained in a form appropriate to analysis:
where u (t) is the unit step function. The parameter values updated in 2007 (IPCC, 2007) are:
a 0 % 0:217 a 1 % 0:259 a 2 % 0:338 a 3 % 0:186 t 0 % millenaries t 1 % 172; 9 years t 2 % 18; 51 years t 3 % 1:186 years 2. According to a basic theorem of linear time-invariant system theory (see for example Keesman 2011), the evolution in the atmosphere of a carbon mass m (t) resulting from a time-dependant emission e (t) can be obtained using the convolution integral:
3. The radiative forcing R F (t) that represents the change of energy flux entering the atmospheric system as consequence of the intensification of the greenhouse effect, is simply proportional, under assumption of linearity, to the excess carbon mass m(t):
where the β coefficient value is approximately 6:5
4. Finally, the climatic impact is quantified through the GWP, an index which represents the extra energy entering the climate system from the chosen time origin up to a time horizon TH:
5 Climatic impacts of the heat sources
Following the example of Fig. 2 for explicative purposes, Fig. 4 prolongs in time the comparison of the carbon Fig. 2 Comparison of carbon assessments of wood and gas burning for the same energy need. Two options are considered: wood burning, gas being kept (A), use of gas, wood being preserved (B). See Table 1 for emission factor data Fig. 3 Decay of a unit mass of carbon (or carbon dioxide) released in the atmosphere at time zero assessments of uses of wood and gas in satisfying the same need of heat energy. In both cases, the carbon mass emitted into the atmosphere by combustion declines progressively. However, in the case of gas utilization, the carbon sequestration in wood cannot be illimitable. A straightforward assumption is that, considering a representative wood stock, the part which returns its carbon to the atmosphere per time unit is more or less proportional to the current amount of wood (Pingoud et al. 2003) . That is to say that the wood stock decomposes according to an exponential decay. For purposes of illustration in Fig. 4 , the time constant chosen is 80 years, corresponding to a half-life of 55 years. The carbon thus released in the atmosphere adds to the carbon emitted from gas combustion (dashed curves). This leads to the evolution of the overall carbon mass shown by the purple curve in Fig. 4 . When comparing this evolution to that resulting from wood burning (red curve), the advantage of substituting gas for wood is evident only for a certain time lapse. This is not surprising since, at a distant time horizon, the total carbon mass remaining in the atmosphere is built up by carbon originating from wood decomposition in addition to that of gas combustion, and therefore is larger than that resulting from single wood burning. Consequently, the global warming potential of gas utilization, relative to that of wood burning taken as the reference, is reduced for short time horizons but moderately increased for the remote horizons, as shown in Fig. 5 . This example suggests that the substitution of gas for wood, not the converse, may reduce significantly the climatic impact of heat production, provided that wood can be preserved for a sufficiently long time. Therefore, the time constant τ of wood degradation, upon which the time window of a reduced GWP depends, must be considered as another key parameter, besides emission factors relating to the substitute sources. Figure 6 extends the scope of the above example. Two types of heat sources are considered: natural gas (graph a), and electricity produced mainly by carbon-free means as is the case in France (graph b). The time constants of return to atmosphere of the carbon originally sequestered in wood are spread between 20 and 320 years. As might be expected, the replacement of wood energy by other sources of heat is all the more beneficial as the emission factor of these sources is reduced in comparison with that of wood and as wood can be preserved longer. As a rule of thumb, the time window of a reduced global warming potential is in the order of the time constant τ in the case of gas substituted for wood and three times this time constant in the instance of use of French mix electricity. Of course, in the ideal case of a sufficient disposal of carbon-free energy sources, substitution of these sources for wood energy should lead to an illimitable time window of GWP reduction.
Discussion
As evidenced by the results shown in Fig. 6 , the substitution of wood for fossil fuels does not reduce short term carbon emissions, a conclusion which runs against many currently prevailing assertions. On the contrary, the replacement of wood energy by low-emissive heat sources, including fossil fuels such as gas, or electricity if it is generated from a high proportion of carbon-free primary sources, may offer a carbon capture alternative by way of wood storage, at least for the time allocated to reduce carbon emissions linked to human activities.
The availability of low-emissive substitutes for wood to provide heat, on the one hand, and the feasibility of preserving and storing wood for an extensive period, on the other, both merit further discussion. A third question concerns the long-term climate impact of wood use alternatives, beyond the time horizon of one century that is commonly considered in the evaluation of emission targets. Fig. 4 Evolutions of the carbon mass released in the two options A (wood burning) and B (gas burning, wood being preserved). See example of Fig. 2 . The purple curve relating to option B comes from the sum of carbon masses released in the atmosphere by gas burning and wood degradation (dashed curves). The time constant of wood degradation is supposed to be 80 years (half-life of 55 years) Fig. 5 Global warming potential of option B (gas burning, wood being preserved) relative to that of option A (wood burning) taken as the reference. See example of Fig. 2 . The time constant of wood degradation is supposed to be 80 years (half-life of 55 years)
1. Within the present context of climate change, the combustion of any carbonaceous matter, including wood, should be avoided as far as possible. Other sources of energy exist or may be developed, the use of which involves only minor carbon emissions: hydraulic, nuclear, wind, and solar power, for instance. During the transition to decarbonized sources of heat, the consumption of low-emissive fossil fuels, such as natural gas, may be still necessary. Recent estimates of the recoverable gas resources, including shale gas, amount to more than 800 trillion m 3 (International Energy Agency 2011), corresponding to a carbon mass of 420 billion tons (420 GtC). The release into the atmosphere of this carbon alone, apart from that of other fossil fuel sources (coal, oil…), would exceed the limits determined for abiding by the 2°C temperature rise target. Indeed, according to Meinshausen et al. (2009) , the total carbon emissions should be restricted to a level of approximately 270 GtC between 2000 and 2050 (92 GtC have already been emitted between 2000 and 2010) or, according to Allen et al. (2009b) for the long-term, to a level of 1,000 GtC between 1750 and 2500 (500 GtC already emitted to date). These figures show, paradoxically at first glance, that the fear of a lack of fossil fuels is unfounded and should not be invoked to promote the use of wood as a fuel. 2. The conservation of wood extracted from forests may be achieved in two ways -First, as is most commonly done already, by using wood as a material. This allows not only a direct storage of the carbon drawn from the atmosphere, but also a substitution for other materials whose production requires more energy and generates more greenhouse gas emissions. Increasing the stock of wood products thus contributes positively and doubly to the overall carbon footprint. The average lifetime of wood products is extremely variable, from 6 months to 2 years for paper and cardboard, decades for furniture, from 30 to 100 years and even longer for wood structures in construction (Pingoud et al. 2003) . It is important to note that these figures apply in the context of the present day consumer society and that there is no technical obstacle to a significant lengthening of life spans: except for breakage or wear, wood products placed safe from moisture and insect attack are durable. It is also important to stress that it is not so much the working life that matters but the duration of retention of carbon. In the logic of emission avoidance, the recycling of wood products as secondary raw materials must be achieved or, failing that, their managed setting in landfills. The degradation time constants can thus be lengthened considerably. Also, carbon-efficient uses must be found Fig. 6 Relative global warming impacts of the substitution of gas (a) or electricity (b French mix) for wood fuel: influences of wood degradation time constant and heat source emission factor. The global warming potential of wood burning is taken as the reference (=1) for the by-products of thinning, harvest remnants and the wood-waste materials of wood industries. Until now, their use as a source of fuel energy has been an easy way out, all the more so because it is a widely held opinion that they would return anyway, by decomposition, their carbon to the atmosphere. Such a view is not justified. The chemical composition and the physical characteristics of ligneous matter, excepting mechanical properties, are the same as those of timber wood and there is no impediment to various and durable utilizations such as panels, materials for thermal or acoustic insulation, as raw material for chemicals, etc.
-Secondly, useless wood can be stored. Simple storage is one solution, in which case the time constant τ is that of the natural decomposition of wood under the conditions of storage. Another option is to bury wood: buried wood, after a phase of release of methane which can be recovered in the same way as biogas of farming origin, holds back during centuries and even millenaries a large proportion of the carbon it originally contained (Micales and Skog 1997 ). -In any event, in all cases of wood usage other than as an energy source, the values of the time constant τ could be controlled in an extremely broad interval, as shown in Fig. 6 .
3. The fate of emitted carbon beyond the conventional time scope of one hundred year is currently under question. It was long assumed that the residence time of carbon dioxide in the atmosphere would be in the order of one century. This is the value commonly used, within the Kyoto Protocol, as the time horizon for evaluating dangerous anthropogenic impacts on the climate system. However, it is now demonstrated that a noticeable fraction of the emitted carbon (the quasi-equilibrium "airborne fraction") remains in the atmosphere on the time scale of millenaries due to the saturation of the ocean sink. This is taken into account in the evaluations of Section 5 through the IPCC values of the time constant τ 0 (millenaries) and the a 0 coefficient (0.217, i.e. a quasi-equilibrium airborne fraction of 22 % approximately). Even if these parameter values are still highly uncertain, the long-term consequences of the anthropogenic carbon emissions are expected to be largely irreversible for thousands of years after emissions stop (Solomon et al. 2009 ). Consequently, it is imperative not only to reduce as fast as possible the anthropogenic carbon emissions, but also to implement geo-engineering measures that might be able to remove a part of the carbon dioxide already present in the atmosphere. A credible solution is to manage forests with a view to optimum carbon capture, to employ harvested wood as material as long as possible and to bury it, if not suitable for durable uses, as a fossil-like carbon stock (Zeng 2008 ). In the event, Fig. 1 suggests that 2 Gt of carbon or more could be subtracted from the atmosphere each year, offering a mean to escape dramatic climate changes.
Conclusion
Three key points need to be emphasized:
1. The concept of "carbon neutrality" in its application to wood is misleading in that it occults the possibility of keeping wood for a long time as a means of carbon storage. 2. Substitution of wood for fossil fuels does not reduce emissions of carbon dioxide because the emission factor of wood has a higher value than that of other fuels in common use. 3. On the contrary, as long as the carbonaceous fuels cannot be replaced by carbon-free energy sources, the replacement of wood energy by low-emissive sources must be favored, in the same way as natural gas is preferred to oil and oil to coal. The foreseeable reduction in the consumption of carbonaceous fuels (energetic transition) will alleviate concerns relating to fossil fuel run out. A prerequisite, however, is to keep long, in one form or another, the substituted wood. Wood conservation is possible over the long term by way of using it as a material and by landfilling or burying.
The efficiency of the terrestrial carbon sink could be substantially increased by significantly expanding forest coverage, increasing the volume of living wood in the forests, using wood as material for durable goods rather than as a fuel, and by wood storage. It is a matter of common sense. So, the present rules of carbon footprint evaluations and the climate policies concerning wood energy, more generally bioenergy, must be deeply revised to remove serious inconsistencies and to alleviate those economic constraints that are hindering a re-orientation of forest management toward high quality timber production and carbon sequestration
